Here we demonstrate the effectiveness of an electroresponsive aqueous silk protein polymer as a smart mechanical damping fluid. The aqueous polymer solution is liquid under ambient conditions, but is reversibly converted into a gel once subjected to an electric current, thereby increasing or decreasing in viscosity. This nontoxic, biodegradable, reversible, edible fluid also bonds to device surfaces and is demonstrated to reduce friction and provide striking wear protection. The friction and mechanical damping coefficients are shown to modulate with electric field exposure time and/or intensity. Damping coefficient can be modulated electrically, and then preserved without continued power for longer time scales than conventional "smart" fluid dampers.
■ INTRODUCTION
Systems that provide mechanical damping are ubiquitous in nearly all areas of mechanical devices, structures, and robotics. Damping systems function in aspects of padding and hydraulics that provide control, safety, and ergonomics to equipment and human users. "Smart" systems that have the ability to actively modulate damping coefficients in real-time are now considered the modern ideal, and allow for better control and reduced wear.
Dashpot dampers resist motion and absorb energy via viscous friction. They are capable of handling the extreme forces generated by automobiles and aircraft catapults but simpler versions are scaled down for use in humanoid robots and small consumer electronics. Advanced dashpots can be used in conjunction with modern electrorheological (ER) or magnetorheological (MR) fluids in order to actively modulate resistance. ER and MR fluids are modulated in direct response to the intensity of the electric or magnetic field. 1, 2 Decreases in viscosity automatically occur with a decrease in field intensity until the magnitude approaches zero, at which point ER and MR fluids return to a liquid state. 1−3 ER fluids can operate at low current (0.01 to 1 A) but require a nominal voltage of 1000 V to 5000 V, whereas many MR fluids can operate at 5 to 24 V but require a much higher current (1−2 A). 1, 2, 4 As a result, operating power of typical ER and MR damping devices is 10 to 100 W. These power requirements necessitate more cumbersome form factors and may impose dangers which prohibit use in applications such as human prosthetics. Modern design of these systems has trended toward simplifying the number of required mechanical components in conjunction with elimination of toxic fluid constituents and reduction of operational power requirements. Low power damping systems with a smaller form factors and no risk of toxic discharge or leaching would be useful in a variety of applications.
Here we demonstrate the development and performance of a low-power, physiologically, and environmentally safe active viscous damping system. Silk polymers have been studied for a broad range of biomedical and engineering applications because of the distinctive properties they possess in the crystallized state. 5−7 More recently, the unique chemical properties of uncrystallized aqueous silk solutions have been identified. 8−10 This system introduces a nontoxic, biodegradable, and edible silk protein fluid that is electroresponsive. The silk fluid, used within this system, is capable of reversibly increasing or decreasing viscous drag, through a process referred to as electrogelation. 8, 11, 12 The electroresponsive shear yield stress of the silk fluid can be compared to nontoxic ER fluids, and can also be continuously or discretely adjusted. 13 In comparison, the silk electrogelatable fluid operates at lower voltage (5 to 15 V) and lower current (0.01 A), requiring a significantly lower operating power of 0.05−0.15 W. These properties facilitate the development of safer and more mobile damping devices.
■ EXPIMENTAL DETAILS
Bombyx mori silk cocoons were boiled in 0.02 M aqueous Na 2 CO 3 for 10 min in order to isolate the silk fibroin protein for production of 5− 7% (w/v) silk solutions following published procedures. 14 Plastic viscosities (n = 3) were measured using a cone and plate viscometer following standard procedures and were reported as the slope of the shear stress/shear rate line above the corresponding yield point. The simplest design of our device is similar to a standard dashpot damper. The main housing acts as the working cylinder (WC), which contains the components and fluid. The piston rod (PR) terminated with three 1 mm thick Teflon orifice plates, which formed the damper piston. The orifice plates contained four large orifices and a 1.5 mm clearance from the cylinder wall, which left 45% of the cross-sectional area free for fluid travel. Electrode leads were mounted to the aluminum WC and stainless steel PR in order to induce reversible viscosity changes within the device via electrogelation. The positive or negative charge was applied at the PR mounting, while the opposite charge was applied at the WC. Electrogelation was conducted following published procedures using a current of 0.01 A at 5 or 15 V. 8 Electrogelation was induced continuously or discretely for 30, 60, 90, or 120 s. For discrete gelation, the fluid was subjected to electrogelation for each time period, and then the electrical field was disabled thereby halting the gelation process before mechanical testing. After 120 s of electrogelation, the field was reversed for 30 s. Mechanical testing was conducted throughout ten stroke cycles without applied current. Dunnett's multiple comparison post-test was used to compare the damping of each stroke (n = 40) using stroke 2 as the control in order to account for the initial sloughing of gel. Alternatively, the electrogelation was applied continuously during 450 actively reciprocating stroke cycles during which the piston rod traveled 10 mm at a velocity of 1 mm per second per cycle. Solution was brought to the damping plateau then charge was reversed and damping was reduced to the minimal capability after this preconditioning step. Damping coefficient was calculated as the quotient of the force in Newtons caused by viscous drag divided by the velocity of the piston in meters per second. The damping coefficient was given in units of newton-seconds per meter. Fold damping enhancement was normalized to the minimal damping capability. The change in mean damping coefficients between strokes (n = 5) during gelation was reported. Continuous tests were compared using standard unpaired t tests. In order to quantify reduction of friction by the electrogelated fluid, three stainless steel plates were subjected to pullout tests and compared to uncoated plates. Electrogelation was induced for 0, 15, or 60 s using a current of 0.01 A at 15 V. Each plate was mounted between a knurled clamping area of 15 × 25 mm using a normal force of 1.5 kN. Friction force (n = 3) was reported as one-half of the peak force required to initiate linear motion, to account for the two surface interfaces. Stainless steel plates (n = 3) receiving the same electrogelation treatments were also subjected to surface marring via brass bristles held at an interfacial pressure of 175 kPa for 350 rotational cycles. For all values, variability is reported as standard deviation and depicted with error bars. Asterisks centered over the error bar indicate the relative level of the p-value (*p < 0.05, **p < 0.01, ***p < 0.001).
■ RESULTS AND DISCUSSION
The silk polymer fluid is liquid under ambient conditions; however it is converted into a gel via electrogelation once subjected to an electric field. 8, 11 Here we design an electrogelation system capable of exploiting this phenomenon as a "smart" fluid for the function of mechanical damping. To validate the ability of our electrogelation system to modulate damping coefficient as a result of viscous drag, a simple linear dashpot damper was designed with conductive mountings and a large piston orifice area ( Figure 1 ). The conductive mountings are utilized to initiate electrogelation of the silk damping fluid, and the large orifice area is designed to minimize the possibility of erroneous plate-to-wall contact friction, thereby emphasizing resistance due to viscous drag.
During the electrogelation process of the fluid, the gel originates at the positive electrode and progresses outward with time of exposure. 8 The induced electric field acts on the negatively charged amino acids, causing the migration of silk protein toward the cathode. At the cathode, production of hydrogen ions results in a localized drop of solution pH. Once the pI of silk (∼4.2) is reached, the silk undergoes folding interactions, which lead to the formation of micelles that aggregate to form reversible hydrogels. 8 The time of exposure and magnitude of the electric potential can be modulated to affect fluid viscosity ( Table 1) .
As viscosity is dependent on electrogelation time and intensity, the viscous drag damping coefficient correlates as expected. Damping coefficient can be continuously enhanced severalfold within a working damper with uninterrupted electrogelation of the fluid using a 5 or 15 V potential at 0.01A (Figure 2 ). The transformation of the fluid into a gel is driven by a localized drop in pH, and conversely exposure to a reversed current leads to a localized increase of pH around the hydrogel. 12 Thus, reversal of the charge reverses the gelation via deprotonation of charged amino acids and subsequent dissociation of the micellular network.
In general, applying higher voltage results in an increase of the damping coefficient by more than one order magnitude and significantly increases the minimal damping coefficient capable of being reached after field reversal (Figure 2a ). When the potential is reduced from 15 to 5 V, the time to maximum damping plateau increases nearly 3-fold but results in faster damping reduction when the field is reversed.
Electrogelation is more extensive and reversibility is more consistent with increasing surface area of components, as was evident when positive charge is applied at the working cylinder (Figure 2a ). Upon charge reversal, the larger WC surface area produces a degelation rate which is greater than the gelation rate occurring at the PR, however the PR-induced gelation is sufficient to produce a minimal damping plateau. This minimal plateau is supplemented by gelated silk aggregates which become suspended in the neutral zone between the WC wall and the PR, because of sloughing after physical strokes ( Figure  1d ). In contrast, when the positive charge is initially applied to the PR, reversal of the field temporarily induces a 50% increase in damping before a steady decline. This is due to the dependence of opposing gelation and degelation rates on surface area.
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Because of the dependency of absolute measured values on device geometry, comparison of the ratios of ultimate resistive force to the corresponding minimal plateaus may better describe the potential of this strategy. The ratio of maximal to minimal plateau are compared in Figure 2b and referred to as fold damping enhancement. Although damping increases at a faster rate when the gel propagates from the cylinder, the maximum damping enhancement is similar for both configurations utilizing 15 V. Ultimate damping is lower with 5 V, but the subsequent minimal plateau was negligible in comparison to the 15 V groups. This resulted in significantly greater fold enhancement using 5 V. The steep increase in resistance makes 15 V charges efficient for fast adjustments, whereas the slower gelation rate and wider enhancement range of 5 V are appropriate for fine-tuning.
The silk damping fluid requires a significantly lower amount of operating power compared to MR and ER fluids. The disparity in energy usage is potentially magnified over time due to the ability of the silk fluid to maintain damping for longer periods without continuous power. Figure 3 demonstrates the effect of preconditioning the fluid for discrete periods of powered modulation prior to testing the damper unpowered for 10 mechanical stroke cycles over the span of 100 s. Dunnett's multiple comparison post-test was used to compare damping of these strokes using stroke 2 as the control. Stroke 2 was used as the control column in order to account for the initial sloughing of gel which occurs after the first stroke cycle. We see, predictably that there is a significant difference from the first stroke, but that there is no statistically significant difference with any other stroke cycle (p < 0.05). Ultimately, after the operating power is terminated, decay of damping can be expected for any "smart" fluid. However, we demonstrate an unpowered silk fluid damper is capable of functioning without a stark decrease in damping longer in the event of unexpected electrical power loss compared to MR and ER fluids, where damping is lost in milliseconds. Although indefinite powerless operation is neither expected nor our goal; the longer time scale of silk damping decay enables new modulation strategies. In contrast to MR and ER fluids, the silk fluid viscosity does not decrease with field intensity, but responds to it with a decreased rate of gelation. Instead, decreases of electrogel viscosity, which can also be modulated with field intensity, require a reversal of the field polarity. The degree of electrogelation is timedependent; and damping coefficient is progressively enhanced after 30, 60, 90, and 120 s of exposure to a 5 V electric potential at 0.01 A (Figure 3 ). After 120 s of electrogelation, field reversal for 30 s produces damping results similar to 90 s of electrogelation. The predictable gelation and decay fully facilitates future development of precise programmable control and velocity-driven feedback loops. In addition to damping, the silk electrogelation results in improved component lubrication and wear reduction. Addition of silk to the device assembly in a low viscosity state allows the solution to easily penetrate between component interfaces. Then, upon field initiation, transformation into a gel state increases resilience of the lubrication layer directly onto the component surfaces. The coefficient of friction is further reduced by as much as 50% as a function of electrogelation time (Table 1 ). This property leads to striking performance in wear reduction ( Table 1 ). The protective silk coating created using 60 s of electrogelation prevents surface marring by 97% (n = 3) and preserves a surface roughness that is not significantly different from the unmarred finish (unpaired t test, p = 0.8337).
The electric field can be continuously modulated to automatically alter viscosity in response to changes in loaded weight or rate of compression applied to the damper. Additionally, this feature can be adjusted as desired on-demand in anticipation of needs. The valve assembly can be modified in order to affect the drag thereby altering the damping coefficient. In addition to damping performance due to electrogelation, this system is also compatible with standard damper adjustment mechanisms, such as spring modifications, which enables the possibility of hybrid designs. The combined advantages of the electrogelatable silk fluid allow us to look forward to novel applications. For example, we envision an advanced prosthetic arm design which utilizes the silk fluid to dampen and smooth movements. In the case of unexpected power loss; the silk fluid damper has the potential to provide ample time, at least 100 s, to prevent dropping of critical items. The lower operating current and high biocompatibility of the silk fluid may also improve safety to the user. The silk fluid damper would also facilitate extended powering from small and light portable batteries; whereas MR or ER damping devices would require more cumbersome solutions.
■ CONCLUSIONS
These results demonstrate the ability of the electrically gelated polymer fluid to provide controlled damping enhancement in the forms of both discrete and/or continuous adjustments. Modulation of the electric field intensity enabled coarse or fine adjustments of damping performance. The biocompatible silk fluid offered improvements in terms of power requirements and powerless damping decay. Electrogelation based dampers can be made in small form factors because they consume less energy and do not require a large number of sophisticated components in order to function. The multifunctional fluid serves to offer a tunable and reversible damping mechanism, penetrating lubrication, and antiwear protection. This also reduces the complexity and potential failure modes of the system in contrast to conventional "smart" damping systems. The silk fluid is nontoxic and biodegradable, which enables the possibility of using this technology in implantable prosthetics or transient biodegradable devices.
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Experimental details and additional experimental data. This material is available free of charge via the Internet at http:// pubs.acs.org. Figure 3 . Damping effect was enhanced several-fold with electrogelation time. The 15 V electrical field was disabled after 30, 60, 90, and 120 s thereby halting the gelation process before mechanical testing. The damping effect is shown here persisting throughout ten mechanical testing stroke cycles without applied voltage. Damping of each stroke is compared using stroke 2 as the control (Dunnett's post-test **p < 0.01). Variability in damping per each stroke is reported as standard deviation (n = 40). After the field was reversed for 30 s the average damping of the strokes (n = 10) was similar to 90 s of electrogelation (t test *p < 0.05). 
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